A Reduced Graphene Oxide-Supported Pd-Ni nanocomposite (Pd 1 Ni 4 /RGO) was prepared by simultaneous chemical reduction, on the surface of which a small amount of Au nanoparticles were subsequently deposited via potentiontatic deposition to obtain an Au-deposited Pd 1 Ni 4 /RGO (denoted as Au (x) -Pd 1 Ni 4 /RGO, x = 1, 2, and 5 s, representing the deposition time of Au). As a representative, the surface structure of the Au (1s) -Pd 1 Ni 4 /RGO electrode was characterized and analyzed by scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectrum (EDX) and X-ray diffraction (XRD), respectively. The modification approach described here is simple, effective and versatile, which can be further used to modify other metal substrates with an additional metal. Moreover, the Au deposition induces a positive effect on the electro-catalytic activity for propane-1,3-diol oxidation in alkaline media in comparison to the Pd 1 Ni 4 /RGO.
INTRODUCTION
Recently, multi-metallic catalysts were extensively studied due to the so-called "synergistic effect" that can lead to increased activity and thus lower catalyst loading. In a series of studies on electro-catalytic oxidation of alcohols, precious metals (Au, Pt and Pd) were mainly found as the active sites [1] . As Pd is relatively more abundant and less expensive than Pt and Au, it was the most extensively studied one [2] [3] [4] , and Pd-M′ (M′: transition metal) type bi-metallic catalysts are attracting increasing attention. Pd-Au bi-metallic nanostructure is one of the well-explored systems, which was generally prepared through co-depositing Pd and Au in a solution containing their precursors by chemical reduction method [15] [16] [17] [18] [19] . Loading Pd-Au nanoparticles on appropriate supports could further enhance the catalytic activity for alcohol oxidation [20] . However, it has limited practical value considering the high cost of the two precious metals.
Nickel represents one of the inexpensive transition metals, which has been extensively used in the domain of Ni-metal hydride rechargeable battery and electroplating [5, 6] . Compared to bulk nickel electrode, it is more active in alcohol oxidation when deposited on graphite or glassy carbon substrates [7, 8] . Moreover, research has shown that the activity could be significantly improved when it was codeposited with a second nucleus such as Pd or Au [9] [10] [11] [12] [13] [14] . We therefore postulate that the combination of Pd, Au with Ni to generate a tri-metallic composite will be of great potential [21] .
In the last few years, polyols have received increasing attention as potential fuel cells in addition to monohydric alcohols such as ethanol and methanol. The electrochemical oxidation of glycol and glycerol on different electro-catalysts has been well studied [22] [23] [24] . Propane-1,3-diol containing two hydroxyl groups, on the other hand, is less investigated yet more valuable due to its the higher chemical energy/electric conversion rate [25] .
As our contribution, we herein report the preparation of an Au deposited Pd 1 Ni 4 /RGO via simultaneous chemical reduction and electron-chemical deposition. The tri-metallic composite material was characterized by SEM and TEM, and its electro-catalytic performance in propane-1,3-diol oxidation was studied.
EXPERIMENTAL

Synthesis of Pd 1 Ni 4 /RGO Composites
Graphite oxide (GO) was prepared by oxidization of graphite flake according to the modified Hummer's method [26, 27] . Then, 5 mL of 0.4 mg mL -1 GO was added to 15 mL of the second distilled water solution which containing 58.6 μL of 0.1 mol L -1 Ni (NO 3 ) 2 and 735 μL of 2 mmol L -1
Pd (NO 3 ) 2 . After sonicating the mixture for 40 minutes, added 30 mg of NaBH 4 to the mixture with stirring. The reduction was carried out for 2 h at room temperature to obtain the Pd-Ni nanoparticles and reduced graphene oxide (RGO). After the formed Pd-Ni nanoparticles supported RGO (Pd 1 Ni 4 /RGO) precipitation over the night, the supernatant was removed to get 1 mL of residue. Next, the obtained residue was sonificated to form a homogeneous black suspension. The glassy carbon electrodes (GCE) with diameter of 4 mm were sequentially polished with alumina powders with particle diameters of 0.35 μm and 0.05 μm. Then, the electrodes were subjected to ultrasonic washing in distilled water, absolute ethanol, and twice distilled water, respectively. Next, 5 μL of the above suspension was dropped onto the surface of a clean GCE. The prepared catalyst (Pd1Ni4/RGO) modified glassy carbon electrode as the working electrode for the deposition of Au, and then allowed to dry in air for other electrochemical measurements. voltammograms (CVs) were obtained. Oxygen of the electrolyte solutions was removed via Nitrogen gas of ultra-high purity. The electrochemical measurements were carried out at room temperature. All potentials were referred to SCE.
RESULTS AND DISCUSSION
Modification of Au on Pd 1 Ni 4 /RGO Electrode
The Where "m" is the metal mass, "Q" is the electric quantity, "M" is the relative atomic mass of the metal, "Z" is the metal charge converted into metal atom, "F" is the Faraday constant (9.65×10 4 C mol -1 ). Since the Pd and Ni loading of Pd 1 Ni 4 /RGO is 2.5 μg. The corresponding Au/(Pd+Ni) atomic percentages of the prepared catalyst were 0.8, 4 and 17.2% respectively.
Characterization of Au-Pd 1 Ni 4 /RGO
The scanning electron microscopy (SEM) photograph of Au (1s) -Pd 1 Ni 4 /RGO electrode surfaces are presented in Fig.1 . It shows the metal nanoparticles are equally distributed on edges of RGO and the basal planes have no come together as a group seriously. In the meantime, it was found that thin RGO folds overlapped each other [1] . In the preparation of Pd 1 Ni 4 /RGO samples, the Graphite oxide (GO) were obtained by ultrasonic stripping. GO is easily dispersed in water owing to a large number of oxygen-containing groups (-COOH, -OH,-O-) on the surface, meanwhile, these groups furnish binding sites for the anchoring precursor metal ions [28, 29] . When NaBH 4 was introduced to the mixed solution consisting of Ni(NO 3 ) 2 , Pd(NO 3 ) 2 and GO. The palladium, nickel ions and GO were in situ restored to Pd, Ni nanoparticles and RGO sheets, and then the formed Pd and Ni nanoparticles are supported on RGO sheets. Moreover, the Pd and Ni nanoparticles can play the part of "spacers" to keep from RGO sheets restacking. Fig. 3 . It is found that Au (1s) -Pd 1 Ni 4 /RGO is composed of nanoparticles with different sizes from 7 to 13 nm, mainly in 10 and 11 nm. The average particle size is 9.97 nm via randomly selecting 100 particles. The particles were homogeneously distributed on the RGO surface and edges without apparent agglomeration, which agree well with SEM. On the other hand, it has not feature of crystalline structure in a large part of the surface, which was deemed to be Ni surface with an shapeless structure. In Fig. 5 , The X-ray diffraction (XRD) pattern shows two peaks at 2θ value of 38.2 o and 46.6 o , corresponding to the Au (111) and Pd (200) crystal planes respectively. However, the peak of Ni crystal planes was not observed in XRD, which is good agreement with HRTEM. These final results suggest that the existence of Au and Pd are confirm, and the Ni nanoparticles are mostly amorphous in structure. In XRD, Ni has not diffraction peak for Ni nanotubes [30] was also reported. The wide reflection peak at a 2θ value of approximately 25 o is owing to the C (002) reflection of the out-of-order stacked RGO sheets [31] . [20] . However, the Au (x) -Pd 1 Ni 4 /RGO and Pd 1 Ni 4 /RGO displayed reduction peaks of palladium oxide much less than that on Pd/RGO. The current density of these peaks means a few of Au deposited. It could be seen that as the amount of Au deposition increases, these peak intensities decrease gradually. The peak integral charge of Pd after double correction is 424 μC cm −2 [4] . Table 1 are previously works reported electrocatalytic oxidation of 1,3-propanediol compared to this work [20, 32] . We can see clearly from the Table 1 Fig. 8 . It could be seen that the current density drops rapidly at the initial stage of the reaction due to the poisoning of Pd active sites by CO-like species. As the reaction progressed, the current density decreased gradually and finally became steady. The inset of Fig. 8 plots the ratio of current density to maximum current density as ordinate. It could be seen from the inset, 95%, 86%, 90% and 92% current loss at the end of the reaction were observed for Pd 1 4 /RGO not only has the best electrocatalytic oxidation activity, but also has the best anti-poisoning ability among these types of electrodes. As Changchun Jin [1, 33] reviewed, the loss of current density on Pt/Ag/C and Pt/C at the end of reaction (95% and 98%) in one work and the another work reported the current decay of 83.3%, 89.5%, 92.7%, 95.0% and 93.7% is observed for Ag (1s) -Pt/C, Ag (2s) -Pt/C, Ag (5s) -Pt/C, Ag (10s) -Pt/C and Pt/C catalysts, respectively. On the whole, only the Ag (1s) -Pt/C catalyst show a little higher resistance than the catalyst of this work (Au (1s) -Pd 1 Ni 4 /RGO) to the poisoning. However, the Au (1s) -Pd 1 Ni 4 /RGO cost lower than Ag (1s) -Pt/C due to the more inexpensive Ni was doped in the composite, which reduced the amount of precious metals.
CONCLUSIONS
To summarise, Au-deposited Pd 1 Ni 4 /RGO catalysts were prepared by electrochemically depositing small quantities of Au on Pd-Ni nanoparticles supported on RGO. Different loading amount of Au (x) -Pd 1 Ni 4 /RGO electrodes were obtained by varying the experimental time. The FE-SEM and TEM characterization indicated that the metal particles were uniformly distributed on the Au (1s) -Pd 1 Ni 4 /RGO electrode. The calculated average particle size was 9.97 nm. The electrooxidation of propnane-1,3-diol on Au(x)-Pd 1 Ni 4 /RGO in alkaline solution revealed that the Au(x)-Pd 1 Ni 4 /RGO catalysts have a higher activity than the Pd1Ni4/RGO catalysts, although the Au loading was very small. Meanwhile, the peak current density inecreases with the increase of Au deposition. The highly reactive form of Au(x)-Pd1Ni4/RGO is attributed to the synergistic effect that between Au and Ni and the high standard of RGO. The results show that catalysts own high activity by using base metal nanoparticles and very few precious metals. In other words, the method is of great significance because of its simple and economic performance. The key to preparing such a catalyst is the correct choice of base metal, second metal and support material.
